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Determinants for Membrane Targeting of Non-Palmitoylated Voltage-
Gated Calcium Channel b-Subunit
Erick Miranda Laferte1, David Ewers2, Silke Schmidt2, Patricia Hidalgo1.
1Institute of Complex Systems 4. Forschungszentrum Ju¨lich, Ju¨lich,
Germany, 2Institut fu¨r Neurophysiologie, Medizinische Hochschule
Hannover, Hannover, Germany.
The b-subunit of high-voltage activated calcium channels alters several aspects
of channel function depending on its interaction partner, oligomeric state and
intracellular location. Four non allelic b-subunit isoforms (b1 to b4), each in-
cluding multiple splice variants, have been identified. For b2, five splice vari-
ants (b2a-b2e) have been characterized that differ only in the sequence and
length (ranging from 16 to 70 amino acid residues) of their N-terminal regions.
Despite the high degree of homology between these b2 splice variants, they ex-
hibit different intracellular localization even in the absence of the a1 pore-
forming subunit. While only b2a and b2e anchors to the plasma membrane,
all the other b-isoforms (b1 to b3) and b2-variants variants are entirely cytoplas-
mic. Palmitoylation of two continuous N-terminal cysteine residues in b2a is re-
sponsible for plasma membrane targeting of this variant. However the
determinants of membrane association in b2e remain to be elucidated. using
a combination of confocal fluorescent microscopy, spectrofluorometric mea-
surements and protein-lipids interaction assay we identify a cluster of posi-
tively charged residues in b2e that are required for lipid association and
membrane targeting. Moreover, binding to negatively charged liposomes, but
not to neutral ones, depends on the ionic strength. Mutation of the single N-ter-
minal cysteine residue in b2e preserves its membrane localization. Our data
suggests that electrostatic interactions participate in anchoring the b2e-subunit
to the plasma membrane.
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Voltage-Gated Calcium Channels in Neurons Derived from Human
Embryonic Stem Cells and Induced Pluripotent Stem Cells
Jaideep C. Kesavan.
Institute of Reconstructive Neurobiology, Bonn, Germany.
Voltage-gated calcium channels couple pre-synaptic action potentials to trans-
mitter release in neurons. In this study, we characterized voltage-activated
Ca2þ channels expressed in neurons differentiated from human embryonic
stem cell (hESC) or induced pluripotent stem cell (iPSC)-derived long-term
self-renewing neuroepithelial-like stem cells (lt-NES) at one to three months
of differentiation in vitro. Using barium (Ba2þ) as the charge carrier, activation
and inactivation of voltage-dependent calcium channels were investigated by
the whole-cell configuration of the patch-clamp technique. In lt-NES-derived
neurons, we found both non-inactivating high-voltage-activated (HVA) and in-
activating low-voltage-activated (LVA) Ca2þ currents. Pharmacological char-
acterization of high-threshold Ca2þ currents was attempted using nifedipine
(10 mM ), u-conotoxin-GVIA (u-CgTx GVIA, 3mM) and u-agatoxin-IVA
(u-Aga IVA, 200 nM), which block L, N, and P/Q-type Ca2þ currents, respec-
tively. By analysing the averaged current in response to a square depolarizing
voltage step protocol from a holding potential of110 mV to 0 mV in the pres-
ence of these specific blockers, we could show that lt-NES cell-derived neurons
express N and P/Q-type high-threshold Ca2þ channels. We also observed Ba2þ
currents activated at voltages below 40 mV that were sensitive to NiCl2
(100 mM), indicating that T-type Ca2þ channels also contribute to Ca2þ cur-
rents in these neurons. Furthermore, the pharmacology of calcium channels in-
volved in synaptic transmission was analyzed with specific agonists and
antagonists of different high-voltage-activated calcium channels. Bath applica-
tion ofu-CgTx GVIA (3mM) oru-Aga IVA (200 nM) reduced the frequency of
spontaneous postsynaptic currents (sPSCs). Thus, neurons differentiated from
lt-NES express both high-threshold and low-threshold voltage-gated Ca2þ
channels, and both N and P/Q-type Ca2þ channels mediate synaptic transmis-
sion in these neurons.
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Voltage-Gated Calcium Channels Exist and Function as Fragment-
Channels in Neuronal Plasma Membranes
Ioannis E. Michailidis, Kathryn Abele, Wei K. Zhang, Lawrence Geyman,
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We reveal a novel form of regulation of neuronal L-type VGCCs: cleavage of
the main body of the pore-forming alpha1 subunit (Cavalpha1) resulting in Cav-
alpha1 fragment-channels that separate but remain on the plasma membrane.
This ‘‘core’’ proteolysis inversely correlates with channel activity, is develop-
mentally regulated, and causes down-regulation and biophysical alterations of
VGCC currents. Recombinant Cavalpha1 fragment-channels do not form active
channels on their own, yet when properly paired, they produce currents withdistinct biophysical properties. These fragments also influence the activity
and/or properties of full-length VGCCs. Core proteolysis represents a new par-
adigm of feedback regulation of VGCCs that would profoundly affect cell ex-
citability, synaptic transmission, and cellular calcium signaling in
physiological and pathological states.
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Biochemical, Functional and Structural Characterization of a Family of
Prokaryote Voltage-Gated Calcium Channels
Divya Kesters, Marijke Brams, Mieke Nys, Thomas Voets, Jan Tytgat,
Chris Ulens.
K.U.Leuven, Leuven, Belgium.
The goal of this study is to reveal structural determinants of gating and calcium
selectivity in voltage-dependent calcium channels (VDCC) by supporting X-
ray crystal structures. Bacterial homologs of voltage-gated sodium channels
(e.g. NaChBac and NavAb) have shown to be useful tools to provide abundant
information about structural features that underlie sodium selectivity, perme-
ability or channel gating in human voltage-gated sodium channels. Such insight
is currently lacking for VDCC’s. In this study, we have investigated 18 homo-
logs from a prokaryote family of ion channels with sequence features that re-
semble VDCC’s. Electrophysiology was used to verify the function and
calcium selectivity of the pore-section from the VDCC homologs that were se-
lected for this study. For biochemical studies, each homolog was fused to GFP
to allow easy quantification of expression levels in different E.coli strains.
Extraction of VDCC homologs out of their natural lipid environment into
detergent micelles was investigated in a broad detergent screen. using a Fluores-
cence Size Exclusion chromatography (FSEC) detergent screen, we identified
optimal detergents that extract the VDCC homologs in a monodisperse and bio-
chemically stable form. A series of optimal parameters were found using the
methods described above and enabled us to perform medium yield purifications
of our VDCC homologs. Crystals were already obtained for some VDCC
homologs but did not provide sufficient diffraction quality yet. In conclusion;
although further optimization of the (pre-)crystallization conditions is still
needed, this approach has yet brought us a few steps closer towards a better
understanding of the structural features that underlie the VDCC working
mechanism.
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Towards a Synthetic Biology of Calcium-Regulated Cav Channels
Manu B. Johny, Philemon S. Yang, David T. Yue.
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Synthetic biology seeks to simplify biological networks and their constitutent
molecules into modules amenable to reconfiguration. In this regard, little has
yet been achieved for Ca2þ signaling, owing to the seeming irreducible com-
plexity of underlying molecules like CaV channels. In particular, Ca
2þ influx
through these channels is subject to vital forms of Ca2þ feedback regulation,
reliant upon interactions of calmodulin (CaM) with channel elements like the
IQ domain (a, black circle). Thwarting simplification, however, has been the
utter loss of channel function upon deleting the IQ module (JBC269:1635;
JBC275:25436). Here, we report that channels lacking an IQ domain function
robustly upon covalent attachment of a single CaM (b). Moreover, the typical
Ca2þ regulation of these channels (usually manifest as faster decay of Ca2þ ver-
sus Ba2þ current) is absent (c), rendering these channels as a blank regulatory
slate. Separately over-expressing the IQ domain strikingly rescues Ca2þ regu-
lation (d), casting the IQ element as a synthetic switch for regulation. These re-
sults suggest that CaV channels can be deconstructed into minimal regulatory
components, raising the possibility of
engineering modular CaV-based Ca
2þ
signal generators within a synthetic
Ca2þ signaling toolkit.Voltage-gated K Channels III
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End of S6 Regulates BK Channel Gating
Guohui Zhang, Junqiu Yang, Huanghe Yang, Jingyi Shi, Xiao Yang,
Kelli Delaloye, Alyssa Moller, Jianmin Cui.
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In voltage gated Kþ (KV) channels interactions between the S4-S5 linker and
the cytoplasmic end of S6 mediates the coupling between voltage sensor move-
ments and pore opening. BK channels are activated by both voltage and intra-
cellular Ca2þ and the channel protein is comprised of a central pore formed by
S5-S6 from four subunits, voltage sensing domains (VSD, S1-S4) and a large
cytosolic domain (CTD) that contains Ca2þ binding sites. Although the
membrane-spanning VSD and pore are similar to that of KV channels, BK
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tional transmembrane segment S0, scattered distribution of gating charges in
S1-S4, and an allostric mechanism of voltage dependent gating. Furthermore,
it is thought that Ca2þ activates the channel by changing the conformation of
the CTD to pull S6 directly. Therefore, it is not clear if the S4-S5 linker inter-
acts with S6 in BK channels to regulate gating. Here we show an electrostatic
interaction between E219 in the S4-S5 linker and E321/E324 in S6 that regu-
lates BK channel activation. E219 mutations to neutral and positively charged
residues increase Ca2þ sensitivity, alter the voltage range of activation, and re-
duce the intrinsic open probability of the pore in the absence of Ca2þ and volt-
age sensor activation. These changes in channel gating are abolished by the
double mutation E321A/E324A, supporting that E219 interacts with E312/
E314 to regulate BK channel gating. We studied coexpression of BK channel
subunits with either E219R or E321A/E324Amutations, or both, and the results
suggest that E219 interacts with E321/E324 in a neighbor subunit more
strongly than with that in the same subunit, unlike the interactions in KV chan-
nels that are within the same subunit.
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Potential Sites of Action for Phloretin on BK Channels
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Activation of large-conductance (BK) potassium channels by voltage and/or
Ca2þ plays an important role in maintaining homeostasis. Reduced BK chan-
nel activity has pathophysiological consequences, suggesting BK channel
openers may have therapeutic potential. Here, we focus on the mechanism
of action of the BK opener phloretin. Previously, we reported the predominant
effect of phloretin (100 mM) was to increase Po with greater efficacy at neg-
ative voltages (~100-fold increase in 0 Ca2þ), an effect consistent with actions
on the gate and/or its coupling to voltage-sensors. Phloretin has effects on
other Slo family members. Interestingly, phloretin inhibited unitary currents
from heterologously-expressed mSlo3 channels. Thus, we used a chimeric ap-
proach between Slo1 (BK) and Slo3 to identify potential sites of action for
phloretin. Domain exchange studies revealed the intracellular tail does not
play a significant role in mediating phloretin’s effects as an opener. However,
chimeras with S6 domains from Slo3 were inhibited by phloretin. Activation
was partially restored when only the distal end of S6 was exchanged, suggest-
ing the proximal end of S6 is important in mediating phloretin’s effects. Se-
quence alignment of this region revealed two residues of interest-G311 and
G310. The former is the proposed gating hinge and is not conserved in
Slo3. G310 provides added flexibility to S6 during gating of Slo1 and is con-
served in Slo3. The effects of phloretin were tested on Slo1 G310A and
G311A. Although phloretin increased nPo for both mutants, the effects were
significantly less at G311A and similar to wild-type values for G310A, high-
lighting the importance of the gating hinge in mediating the effects of phlor-
etin. These findings suggest the ability of phloretin to act as an opener at BK
channels may require the structural arrangement and flexibility provided by
the gating hinge.
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BK channels are modulated by membrane voltage as well as intracellular cal-
cium and participate in many physiologically important processes. To study
the molecular basis and mechanism of voltage sensor/gate interactions in
BK channels we performed an alanine-scan of the S4-S5 linker and the C-ter-
minal end of S6 in mSlo1. Our results show: First, mutations Q222A, I233A,
K234A, V319A shift activation to more positive voltages in both calcium and
calcium free solutions and decrease the channel open probability (PO) 10 to
100-fold compared to the WT at negative voltages where the voltage sensors
are in the resting state. SinceQ222 and I233, K234 are at the ends of the
S4~S5 linker and V319 in S6 is in a region (YVP) corresponding to the
PXP motif in other KV channels, these results suggest the flexibility of
‘‘hinge’’ regions may play an important role in voltage-sensor/gate interaction
and gate stability.Second,both F223A(in the S4~S5 linker) and K330A(near
the end of S6) produce an approximate 3 fold increase in PO when the voltage
sensors are in the resting state, and F223A/K330A shows a non-additive effect
compared to the single mutants, suggesting intrasubunit interaction between
these two sites may stabilize the closed gate and mediate voltage-sensor/
gate coupling. N237A produced a similar increase in PO suggesting it might
also interact with F223A or K330A in an adjacent subunit. Third, mutations
in S6 (P320A, E321A, E324A) that produce the largest increases in PO
when the voltage sensors are in the resting state may alter the stability ofthe gate directly since no obvious interaction partner was identified in the
S4~S5 linker.
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Selectivity Filter Mediated Gating of Slo2.1 Channels is Modulated by
Dynamic Rearrangement of S6 Segments
Priyanka Garg.
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Emerging evidence suggests that Ca2þactivated Slo1 channels involve gating at
the selectivity filter (SF) unlike Kv channels where the S6 bundle crossing
forms the canonical activation gate. SF also appears to serve as a gate in
Slo2.1, a large conductance Kþ channel that is normally activated by intracel-
lular Naþ, but also by fenamates (e.g., niflumic acid, NFA). Here we use site-
directed mutagenesis of the S6 segment and functional analysis of mutant chan-
nels heterologously expressed in Xenopus oocytes to explore the structural ba-
sis of Slo2.1 channel activation.
Substitution of Glu275 in S6 of Slo2.1 with hydrophobic residues produces
nonfunctional channels, whereas channels harboring a charged or highly polar
residue retain normal function. A charged residue at position 275 is proposed to
maintain the S6 bundle crossing in the open state (by electrostatic repulsion)
while hydrophobic residues lead to channel closure. Intragenic rescue of non-
functional E275A Slo2.1 was achieved by introducing a charged residue one
helical turn away (Ala278 or Tyr279) in S6. Ala scanning mutagenesis of the
S6 segment revealed four other mutants V265A, V269A, P271A and Q273A
that prevented channel activation by NFA or elevated [Naþ]i. Altering the
physical character (polar vs. non polar) of these residues tips the balance be-
tween open and closed states in response to NFA or elevation of [Naþ]i, sug-
gesting a possible rotation of S6 during gating. Importantly, mutations inducing
constitutive activity in Slo2.1 (e.g., R190E in the S4/S5 linker and E275D) can
rescue nonfunctional S6 mutant channels presumably by circumventing the
proposed requirement for S6 rotation. Collectively, these findings suggest
that similar to CNG and Slo1 channels, dynamic rearrangement of S6 segments
in Slo2.1 is allosterically coupled to conformational changes at the SF gate that
mediate channel opening.
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Role of Potassium Channels in Myogenesis during Myotonic Dystrophy
Type 1
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Myotonic dystrophy type 1 (DM1) is an autosomal dominant neuromuscular
disorder affecting 1 in 8000 people worldwide. DM1 is genetically identi-
fied as a mutation that contains expansion of CTG repeats in 3’ UTR of
the DM1 protein kinase gene. It is characterized by muscle wasting and
multi-system failure including insulin resistance and major cardiac
involvement.
We have identified a switch in functional potassium channel expression from
KCa1.1 to Kv1 channels when comparing myoblasts from healthy donors
and from patients with DM1. Potassium channels are responsible for maintain-
ing resting membrane potential and regulating cell volume, and play a role in
cell proliferation. We hypothesize that this switch in potassium channel plays
a role in the reduced myogenesis observed in patients with DM1, and that se-
lective inhibition of Kv1 channels will rescue at least some of the pathological
features of DM1 in skeletal muscle.
We have found that pharmacological inhibition of Kv1 channel decreased pro-
liferation of primary myoblasts from patients with DM1. This blockade also re-
stored production of matrix metalloproteinase-2 (a protease necessary for
myotube fusion) in DM1 myoblasts to levels obtained in cells from healthy
controls. Blocking KCa1.1 channels induced an increase in the proliferative
rate of healthy myoblasts. Our results do support the hypothesis that blocking
Kv1 channels will be beneficial in DM1.
Ongoing studies focus on the role of KCa1.1 and Kv1 channels in myoblast fu-
sion to form myotubes. We also propose to study the inter-dependency of Kv
and KCa1.1 channels by genetically or pharmacologically knocking down
one channel and observing compensatory increase in expression of the other.
Through this project, our goal is to better understand the roles of potassium
channels in DM1 pathogenesis and to establish Kv1 channel as potential targets
for therapy.
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